Abstract: Sainfoin (Onobrychis viciifolia Scop.) is a perennial forage legume that has received renewed interest in western Canada because of its desirable forage characteristics. The objective of this review is to summarize previous studies on the agronomy, forage yield, nutritive value, seed characteristics, and diseases and pests of sainfoin. In addition, the review also focuses on the genetic diversity and registered cultivars of sainfoin and their potential use in temperate grasslands. Past studies have reported that sainfoin has a high nutritive value, and high voluntary intake and palatability to grazing animals. In western Canada, dry matter (DM) yield of sainfoin is 80%-95% that of alfalfa (Medicago sativa L.). Unlike other legumes such as alfalfa, sainfoin does not cause bloat in grazing animals due to the presence of condensed tannins. Sainfoin is suitable for monoculture or binary mixtures with either grasses or alfalfa. Genetic diversity studies revealed that sainfoin germplasm generally has high variation within populations. Genetic variation among plants provides an opportunity to develop improved cultivars with desirable characteristics. However, compared with the other forage legumes, sainfoin is still an underdeveloped forage crop with few cultivars being available in western Canada. New sainfoin cultivars with high DM yield and persistence under regional growing conditions are required.
Introduction
Sainfoin (Onobrychis viciifolia Scop.) belongs to the Fabaceae family, Hedysareae tribe and Onobrychis genus.
Sainfoin is widely distributed in northern temperate regions of the world. The eastern Mediterranean and western Asia, especially Iran and Turkey are considered to be the center of diversity for this species (Yildiz et al. 1999) . Sainfoin is a highly palatable and nutritious forage legume used for hay and pasture production (Delgado et al. 2008) . In recent years, there has been a renewed interest in grazing sainfoin either as a pure stand or in mixtures with perennial grasses or alfalfa (Medicago sativa L.) in North America and Europe (Frame et al. 1998; Carbonero et al. 2011) . Unlike alfalfa, sainfoin does not cause bloat in grazing animals (McMahon et al. 1999; Wang et al. 2006) , and it can effectively prevent alfalfa pasture bloat if sainfoin is seeded with alfalfa (Sottie et al. 2014) . Sainfoin has been shown to reduce parasites in the ruminant digestive tract, and improve organic matter and protein digestion (Hoste et al. 2012) . Most of these beneficial responses arise from polyphenolics found in the sainfoin plant, in particular, from condensed tannins (CT). A comprehensive review on CT was provided by Wang et al. (2015) . Sainfoin is resistant to alfalfa weevil (Hypera postica Gyll.), which has become a major pest in alfalfa fields in western Canada Achata Bottger et al. 2013 ). There has been relatively little research carried out on sainfoin. Fortune and Withers (1980) wrote a brief review on sainfoin agronomy and its production potential in New Zealand. Carbonero et al. (2011) summarized sainfoin taxonomy, biology, and agronomy, mainly from a European perspective. In this review, our main focus is to discuss sainfoin agronomy, nutritive value, and grazing management from a North American, in particular, Canadian perspective. We also summarize sainfoin germplasm and available cultivars, their population genetic diversities, and discuss future breeding directions.
Description
Sainfoin is a deep-rooted perennial legume with erect or sub-erect hollow stems growing up to a height of 100 cm (Frame et al. 1998 ). It has a deep tap root system with few main branches and numerous fine lateral roots, which provide sites for root nodule development. Leaves are pinnately compounded with 5-14 pairs of leaflets and a terminal leaflet.
Sainfoin shows an indeterminate growth habit with the flowering period starting in early June and lasting about 60 d in western Canada (Goplen et al. 1991) . Sainfoin axillary tillers possess inflorescences in an erect raceme, which contains approximately 70-80 flowers. Pink, white or purple flowers of sainfoin are highly attractive to pollinators. Sainfoin is generally cross-pollinated mostly by honey bees (Apis mellifera L.) and leaf cutting bees (Megachile rotundata Fabricius.) (Goplen et al. 1991) . In addition, bumble bees (Bombus spp.) are also frequent visitors to sainfoin fields. Pollination success is relatively high in sainfoin. The duration between the opening of the first flower and the withering of the terminal flowers on a raceme is around 2-3 wk. Sainfoin produces single-seeded indehiscent brown colored pods. Seed color varies from olive to brown or black (Goplen et al. 1991 ).
Origin
Sainfoin is native to south central Asia (Burton and Curley 1968) . It has been cultivated for many years in Russia, Europe, and many parts of Asia (Melton 1973) . Sainfoin was introduced into North America in 1786 (Hanna 1972) . Sainfoin has two agricultural types: common type (O. sativa communis 'Ahlefed') and giant type (O. sativa bifera 'Hort.'). Thomson (1938) found that the common type is long-lived, but less vigorous in the establishment year, whereas the giant type is short lived in the United Kingdom. Compared with the giant type, the common type has more stems per plant, but plant height is generally shorter (Carbonero et al. 2011) . In Europe, the common type is also known as a single-cut type, while the giant type is used for a double-cut system. The common type originates from central Europe and the giant type is from the Middle East. Introductions from western Europe, mainly the giant type, were lowyielding and poorly adapted to North America; however, the introductions of the common type from the former Soviet Union and Turkey performed relatively well under western Canadian growing conditions (Goplen et al. 1991) . The first Canadian sainfoin cultivar, 'Melrose', released in 1969, was selected from strains introduced from the former Soviet Union (Hanna et al. 1970 ).
Adaptation
Sainfoin is adapted to a wide range of climatic and soil conditions and is cultivated from hot and dry Mediterranean regions to northern latitudes with severe winters. It can grow well in neutral to slightly alkaline soil (Frame 2005) , but it does not tolerate high soil salinity and high water tables (Sheldrick et al. 1987) . It is fairly drought tolerant because of its deep tap root; however, sainfoin dry matter (DM) yield and stand density may reduce dramatically after several years of drought (Biligetu et al. 2014 ). Ditterline and Cooper (1975) recommended that sainfoin be seeded in areas with rainfall amounts of 330 mm or higher. Meyer and Badaruddin (2001) found that sainfoin seedlings have relatively high frost tolerance. The sainfoin cultivars developed in Canada have high winter survival (Goplen et al. 1991) ; however, proper stand management is still considered a key factor to reduce winter kill in western Canada. Brown, Dark Brown, and Black soils are best for sainfoin, however, it performs poorly in the Grey-Wooded and light Brown soils of western Canada (Goplen et al. 1991) . Goplen et al. (1991) suggested 20 000 leaf cutting bees in a hectare of sainfoin is sufficient for successful seed production. The challenge with sainfoin seed production is the lack of uniform maturity due to its indeterminate growth form. Research conducted at six different locations in western Canada showed that the seed yield of the cultivar Melrose ranged from 307-1531 kg ha −1 .
Seed and Seed Production
Sainfoin is generally available as either "unmilled seed" which has adhering seed pods or "milled seed" without pods. The size of sainfoin seed varied among germplasm sources with seed length ranging from 2.5-4.5 mm, and seed width from 2-3.5 mm (Thomson 1951) . The 1000-seed weight is about 15 g (milled) and 24 g (unmilled) (Carbonero et al. 2011) , which is approximately six times larger than alfalfa seed. Also, Thomson (1951) reported a 1000-seed weight of 15.3 g (milled) and 21.4 g (unmilled) for the giant type, and 15.7 g (milled) and 21.2 g (unmilled) for the common type. Thus, the seed size is similar between the two types of sainfoin. The large seed size of sainfoin results in a high seed cost for stand establishment. A recent study on 38 cultivars and accessions from different regions of the world showed that 1000-seed weight (unmilled) ranged from 12.1 to 27.8 g (S. Bhattarai and B. Biligetu, unpublished data). Carleton et al. (1968) reported an optimum germination temperature of 15-20°C for sainfoin seed. There are conflicting reports on the relative germination of milled and unmilled sainfoin seeds. Wiesner et al. (1968) reported a higher germination percentage for milled seeds, but no significant difference in germination among the two types was observed by Chen (1992) . Noorbakhshian et al. (2011) found improved germination and seedling vigor for sainfoin after removing the seed pods. The germination percentage was higher for brown seed than green seed as the former is physiologically mature (Thomson 1951; Noorbakhshian et al. 2011) . Germination is also affected by seed size, which varies among sainfoin cultivars. In sainfoin, the medium seed size class (1000-seed weight of 21 g) and the large seed size class (1000-seed weight of 28 g) had a final germination of 90%-93% at temperature of 25°C, but the small seed class (1000-seed weight of 12 g) had a final germination of lower than 10% (S. Bhattarai and B. Biligetu, unpublished data). The small seed class showed a high degree of physical dormancy. New sainfoin cultivars with smaller seed size will reduce the cost of stand establishment; however, a small seed class (1000-seed weight of 12 g or smaller) may reduce the germination percentage of new breeding materials as demonstrated by the germination experiment. Cash and Ditterline (1996) reported that sainfoin seedlings emerged more rapidly from large seeds.
Diseases and Pests
Sainfoin is relatively resistant to a number of diseases and insects that can potentially damage alfalfa (Goplen et al. 1991) . However, fungal diseases are the most common diseases in sainfoin (Mathre 1968 ). Crown and root rots caused by fungi such as Sclerotinia or Fusarium species may reduce the stand longevity of sainfoin in temperate climates (Mathre 1968) . Fusarium species are soil born pathogen causing Fusarium rot, characterized by the presence of dark brown to black, dry, necrotic lesions spreading into vascular tissue from the center of affected crowns and roots (Eken et al. 2004 ). Other fungal diseases of sainfoin include leaf spot, ring spot, leaf and stem spot, rust, chocolate spot, and powdery mildew (Mathre 1968) .
In addition to fungal diseases, a number of insect and nematode species damage sainfoin stands and reduce seed production in Canada. Weevils of genus Sitona are root feeding insects and may reduce the persistence of the sainfoin plant (Morrill et al. 1998) . In some localized areas in Canada, potato leaf hopper (Empoasca fabae Harris.) is one of the most damaging pests of sainfoin, reducing protein concentration of the forage. Potato leaf hopper generally causes yellow triangles on the leaves. Various species of Lygus bug also feed on the buds, flowers, and seeds of sainfoin, but the insects do not cause major damage. The root-knot nematode (Meloidogyne spp.) has been found in sainfoin fields in the USA (Mathre 1968 ). The cultivar Shoshone, which is resistant to northern root-knot nematode (Meloidogyne hapla Chitwood.), was released in 2006 in Wyoming, USA (Gray et al. 2006) . Sainfoin is resistant to alfalfa weevil, and it can be an alternative forage legume to alfalfa in areas where alfalfa weevil causes severe damage. In seven years of field study in Montana, USA, Morrill et al. (1998) found no or few alfalfa weevils and pea aphids (Acyrthosiphon pisum Harris.) in sainfoin fields.
Alfalfa seed chalcid (Bruchophagous spp.), a seed infesting insect, has also been reported on sainfoin (Morrill et al. 1998) . Seed weevil (Apion spp.) infestation has been observed in British Columbia, Canada . The seed weevil is not a major pest, but its presence in the province of Saskatchewan has been recorded.
Agronomic Management
Ease of stand establishment is considered an important trait in perennial forage utilization. Sainfoin seeds generally germinate rapidly and are easy to establish in the Brown, Dark Brown, and Black soil zones of western Canada (Goplen et al. 1991) .
The seeding rate of sainfoin depends upon seed size, soil type, soil moisture, purpose, and method of seeding. There is almost no research data available to confirm the effect of sainfoin seeding rate on stand establishment, forage yield, and other agronomic performance. Thus, the recommended seeding rate of sainfoin varied largely among sites. In Alberta, Canada, the recommended seeding rate for areas with annual precipitation not exceeding 400 mm is 14 kg ha (Goplen et al. 1991) . Sainfoin requires the F type (Rhizobium leguminosarum bv.viciae) of seed inoculant, which differs from the alfalfa inoculant type. Sainfoin can be cross-inoculated by Rhizobium species recommended for sweetvetch (Hedysarum sp.), purple prairie clover (Dalea purpurea Vent.), and white prairie clover (Dalea candida Michx.) (Burton and Curley 1968) . Koivisto and Lane (2001) recommended USDA 3291, a strain of Rhizobium spp., as an effective inoculant for sainfoin in the United Kingdom. Sainfoin is considered to be a non-aggressive crop during seedling establishment. Thus, weed control in the first year is important for good establishment and high forage production in subsequent years. In the first year of establishment, Moyer (1985) found weeds made up 98% of DM yield in sainfoin fields without any weed control measures. In the year of establishment, Goplen et al. (1991) reported that the most abundant weeds in sainfoin field were either winter annual species or kochia (Kochia scoparia L.) in western Canada. In poorly managed older sainfoin stands, perennial weeds such as dandelion (Taraxacum officinale F.H. Wigg), sow-thistle (Sonchus arvensis L.), and Canada thistle (Cirsium arvense (L.) Scop.) often reduce sainfoin DM yield.
Dandelion, a major weed in sainfoin pastures, is effectively controlled by the herbicides Hexazione [active ingredient 3-cyclohexyl-6-dimethylamino-1-methyl-1,3,5-triazine-2,4(1H,3H)-dione], Metribuzin [active ingredient 4-amino-6(1,1-dimethyl)-3-(methylthio)-1,2,4-triazin-5(4H)], and Chlorsulfuron [active ingredient 2-chloro-N-[(4-methoxy-6-methyl-1,3,5-triazin-2-yl) aminocarbonyl]-benzenesulfonamide] based on research trials in Canada (Moyer et al. 1990 ). Post emergence herbicides such as MCPA [active ingredient 4-(4-Chloro-2-methylphenoxy) acetic acid] and MCPB [active ingredient 4-(4-Chloro-2-methyl-phenoxy) butyric acid] can be used to control broad-leaved weeds in sainfoin fields. There are ten registered herbicides for weed control in sainfoin in western Canada (Government of Alberta 2014) ( Table 1) .
Sainfoin is relatively tolerant to glyphosate application. Based on the dose estimated to cause 50% mortality (LD 50 ), sainfoin seedlings are over six times, and mature plants are over 20 times, more tolerant to glyphosate than alfalfa. The application of glyphosate also has a 10-fold greater negative impact on alfalfa DM yield than it does on sainfoin (Peel et al. 2013) . Moyer (1985) used barley (Hordeum vulgare L.) as a companion crop with sainfoin to control weed infestation in the establishment year, however, the inclusion of barley reduced sainfoin DM yield and stand establishment. Koivisto and Lane (2001) suggested using a non-competitive grass as a companion crop to aid in weed control in the establishment year. In a European study, Dimitrova (2010) found that chemical weed control in pure stands of sainfoin resulted in higher seed yield than stands with barley as a companion crop.
Dry Matter Yield
Sainfoin can be seeded as a monoculture or in a mixture with other perennial grasses or alfalfa. Sainfoin produces approximately 5%-20% less DM yield than alfalfa in western Canada (Goplen et al. 1991) . Depending upon the growing conditions, DM yield of sainfoin varied from 7 to 15 t ha −1 in western Canada (Goplen et al. 1991) . In a five-year field study in Alberta, Canada, sainfoin produced DM yield of more than 6 t ha −1 under rain-fed growth conditions (Government of Alberta 2014). Sainfoin is more compatible with caespitose grasses in mixtures than with aggressive rhizomatous grass species. In Lethbridge, Canada, five-year average yield of sainfoin-Russian wildrye (Psathyrostachys junceus Fisch.) mixtures produced 5.8 t DM ha −1 , while sainfoin-crested wheatgrass (Agropyron cristatum (L.) Gaertn.) and sainfoin-pubescent wheatgrass (Thinopyrum intermedium subsp. Barbulatum (Schur) Barkw. & D.R. Dewey) mixtures produced 5.2 t DM ha −1 and 4.8 t DM ha −1 , respectively (Goplen et al. 1991 ). In addition, sainfoin contributed 61% and 48% of total DM yield when it was grown in mixtures with Russian wildrye grass and crested wheatgrass, respectively. In Europe, Turk et al. (2011), reported DM yields from 5.1 t ha −1 at the beginning of flowering to 6.5 t ha −1 at 
Nutritive Value
Forage nutritive value of sainfoin is comparable to alfalfa and other forage legumes. The nutritive value of sainfoin is determined by cultivar, growth stage, and growing environment. A number of studies quantified the nutritive value (mainly crude protein (CP), neutral detergent fiber (NDF), and acid detergent fiber (ADF) concentrations) of sainfoin at different growth stages ( Table 2 ). The nutritive value of sainfoin varied not only among the growth stages, it also varied within the same growth stages under different experimental conditions (Table 2) 
Forage Digestibility and Palatability
At a similar stage of maturity, Ditterline and Cooper (1975) found that sainfoin contained lower CP, crude fiber, and ash concentrations than alfalfa. The voluntary intake of sainfoin by sheep was 29% higher than alfalfa and pubescent wheatgrass (Karnezos et al. 1994) . Sainfoin was found to be equal or more palatable to grazing animals than alfalfa (Parker and Moss 1981; Khalilvandi-Behroozyar et al. 2010) . Baumont (1996) defines palatability as physical or chemical characteristics of the feed that invokes appetite. Palatability index of sainfoin was 2.7 times higher than alfalfa when evaluating with ewes (Khalilvandi-Behroozyar et al. 2010). Parker and Moss (1981) reported higher palatability for sainfoin than alfalfa when studied with heifers. In a European study, Scharenberg et al. (2007) described sainfoin as a more promising forage legume than birdsfoot trefoil (Lotus corniculatus L.) and chicory (Cichorium intybus L.) due to its high palatability and high content of metabolizable energy.
Furthermore, sainfoin has hollow stems, which are more digestible to ruminants than alfalfa (Terry and Tilley 1964) . Average daily gains of 0.96 and 0.91 kg were reported for heifers finished on sainfoin and alfalfa-grass hay, respectively (Parker and Moss 1981) . Marten et al. (1987) reported an average daily gain of 0.80 and 0.67 kg for heifers grazed on sainfoin and alfalfa pastures, respectively.
Sainfoin has a low initial rate of digestion in comparison to alfalfa, which in part explains its bloat safe characteristic (Coulman et al. 2000) . Sainfoin contains moderate concentrations of condensed tannins, which are polyphenolic compounds expressed in a wide range of forbs including legumes (Wang et al. 2015) . Condensed tannins present in temperate forages can reduce protein loss and increase amino acid absorption by ruminants (Min et al. 2003) . Tannins also play antimicrobial roles such as reducing E.coli in the rumen (Hassanpour et al. 2011) . Recent studies showed that incorporation of sainfoin in alfalfa pastures can reduce the risk of pasture bloat in ruminants (McMahon et al. 1999; Wang et al. 2006; Sottie et al. 2014) . However, most sainfoin cultivars do not persist in alfalfa stands and in new mixed stands do not regrow at the same rate as alfalfa after cutting or grazing (Jefferson et al. 1994; Acharya et al. 2013) . A new sainfoin cultivar, AAC Mountainview, was developed in Canada in 2013, which showed an improved persistence in mixed stands with alfalfa and improved regrowth after grazing (Acharya 2015) .
Genetic Diversity and Cultivar Development
Diversity in plant genetic resources provides an opportunity for plant breeders to develop new and improved cultivars with desirable characteristics. Understanding genetic diversity aids in classification and identification of plant accessions (Majidi et al. 2009 ). Inter simple sequence repeat (ISSR), random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), and single nucleotide polymorphisms (SNP) are molecular techniques used in plant diversity studies.
In sainfoin, RAPD and ISSR were used to understand genetic diversity and the relationships of regional to large worldwide collections (Table 3) . A high within-population genetic variation ranging from 78%-89% was found in various diversity studies (Table 3 ). The percentage of polymorphic bands were in the range of 66%-96% (Table 3) . The results of the sainfoin diversity studies revealed higher level of within-population genetic diversity than among the populations (Table 3) . A high level of within-population genetic diversity was also reported for perennial, outcrossing grasses (Fu et al. 2005; Biligetu et al. 2013 ). In addition, Demdoum et al. (2012) found that the genetic diversity of sainfoin accessions were associated with their geographic locations, with British accessions being separate from other European accessions. Delgado et al. (2008) observed high agronomic variability among the 44 accessions based on morphological traits and was able to differentiate sainfoin germplasm based on the percentage of flowering plants in the year of seeding and the speed of regrowth after the spring cut. Mohajer et al. (2013) found high diversity among 12 Iranian accessions based on agro-morphological and quality traits of sainfoin. Availability of genetic variations are the sources of genetic improvement of genotype in breeding programs. A wide range of germplasm represents a large database for further breeding (Hosainianejad et al. 2011) . The majority of cultivated sainfoin accessions are tetraploid (2n = 4x = 28), while diploid (2n = 2x = 14) types are also found (Frame et al. 1998; Zarrabian et al. 2013 ). In the past decade, significant genetic improvements have been made through plant breeding in other perennial legumes such as alfalfa (Demdoum et al. 2012; Zarrabian et al. 2013) . Though it was introduced to North America in 1786, the progress of sainfoin genetic improvement has been relatively slow. The registered cultivars of sainfoin in North America are described in Table 4 , with only three cultivars having been released in Canada. Sainfoin breeding has focused on the improvement of forage DM yield, winter survival, stand persistence, and grazing tolerance. There are also a relatively large number of cultivars registered in Europe and New Zealand, including Zeus and Vala (Italy), Perly (Switzerland), Fakir (France), Emyr (Hungary) (Koivisto and Lane 2001) , and G35 (New Zealand) (Rumball and Claydon 2005) . Landraces such as 'Cotswold' and 'Hampshire' are also seeded in Europe.
Future Sainfoin Breeding
In spite of its good forage characteristics, sainfoin is not a widely grown forage legume in North America. Borreani et al. (2003) reported a constant decline of sainfoin acreage in Europe. Lower yield and persistence relative to alfalfa and poor regrowth may be factors associated with the decrease of seeded areas (Sims et al. 1968; Borreani et al. 2003) .
In North America, few forage breeders are working on sainfoin, thus genetic improvement will likely be slower than for species for which there are larger breeding programs. While breeding effort and resources are limited, a number of common breeding goals such as improved winter survival, root and crown rot resistance, stand persistence, and high forage yield will continue to be important traits for facilitating wider adaptation of sainfoin in Canada. There is increased interest in using sainfoin in mixed stands with alfalfa to reduce bloat, thus the ability of sainfoin to compete with alfalfa is an important breeding goal. New breeding goals should focus on the improvement of tolerance to frequent grazing and animal trampling to make this crop better suited for grazing. Also, it is important to improve seed yield without increasing the seed size, or even by reducing seed size without affecting other desirable traits.
